The circadian timing system influences the functional properties of most, if not all, physiological processes. Central to the mammalian timing system is the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN functions as a 'master clock' that sets the phasing of ancillary circadian oscillator populations found throughout the body. Further, via an entraining input from the retina, the SCN ensures that the clock oscillators are synchronized to the daily light/dark cycle. A critical component of the SCN timing and entrainment systems is the p44/42 mitogen-activated protein kinase (ERK/MAPK) pathway. Here, we examined the expression and function of phosphoprotein-enriched in astrocytes (PEA-15), an ERK scaffold protein that serves as a key regulator of MAPK signaling. A combination of immunolabeling and Western blotting approaches revealed high levels of PEA-15 within the SCN. PEA-15 expression was enriched in distinct subpopulations of SCN neurons, including arginine vasopressin (AVP)-positive neurons of the SCN shell region. Further, expression profiling detected a significant circadian oscillation in PEA-15 expression within the SCN. Brief photic stimulation during the early subjective night led to a significant increase in PEA-15 phosphorylation, an event that can trigger ERK/PEA-15 dissociation. Consistent with this, co-immunoprecipitation assays revealed that PEA-15 is directly bound to ERK in the SCN and that photic stimulation leads to their dissociation. Finally, we show that PEA-15 regulates ERK/MAPK-dependent activation of the core clock gene period1. Together, these data raise the prospect that PEA-15 functions as a key regulator of the SCN timing system.
Introduction
In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus serves as the master circadian pacemaker (Silver & Moore, 1998; Weaver, 1998; Mohawk et al., 2012) . Daily timing cues generated by the SCN set the phasing and amplitude of ancillary clock populations found throughout all organ systems of the body, and the loss of clock output from the SCN leads to the disruption, and/or dysregulation, of a wide array of biochemical, physiological and behavioral rhythms (Stephan & Zucker, 1972; Eastman et al., 1984; Yoo et al., 2004) .
At a cellular level, the inherent timing capacity of SCN neurons is generated by a transcriptional/translational/post-translational feedback loop, which is centered on the rhythmic expression of the core clock genes period1/2 and cryptochrome1/2 (Shearman et al., 2000; Partch et al., 2014) . The expression of period and cryptochrome genes is driven by a heterodimeric transcription factor formed by CLOCK/BMAL1, which binds to an E-Box motif within the 5 0 regulatory regions of these genes. The rhythmicity of the circadian oscillator is set by a negative feedback circuit in which PERIOD/ CRYPTOCHROME protein complexes negatively regulate CLOCK/ BMAL1-mediated transcription, and the frequency of the oscillatory period is set by the accumulation and degradation rates of the PER-IOD/CRYPTOCHROME protein complexes (Shearman et al., 2000; Meng et al., 2008) .
This core clock feedback loop is influenced by an array of activity-regulated kinase and phosphatase signaling pathways (Vanselow & Kramer, 2007; Virshup et al., 2007) . In addition, kinase pathways are principal routes through which retinal input sets the phasing of the molecular oscillator (Meijer & Schwartz, 2003; Hirota & Fukada, 2004) . Consistent with these ideas, the p44/42 mitogenactivated protein kinase (ERK/MAPK) pathway has been shown to play a key role in both the timing and the entrainment of the SCN oscillator (Goldsmith & Bell-Pedersen, 2013) . With respect to clock timing, MAPK signaling exhibits a marked rhythm, and the abrogation of MAPK activity leads to a damping of clock gene rhythms and a reduction in neuronal firing properties (Obrietan et al., 1998; Akashi et al., 2008) . With respect to clock entrainment, photic stimulation during the circadian night triggers a marked increase in ERK/MAPK pathway activation, and the pharmacological suppression of MAPK signaling leads to the disruption of light-evoked clock resetting (Obrietan et al., 1998; Butcher et al., 2002; Coogan & Piggins, 2003) . Given that MAPK signaling has a role in key aspects of cellular timing and entrainment, several studies have examined intracellular signaling events that affect ERK/MAPK signaling (Shimizu et al., 2003; Cheng et al., 2006; Hainich et al., 2006) . Here, we focused on the expression and the function of the ERK (the MAPK pathway effector kinase) scaffold protein PEA-15 (Phosphoprotein Enriched in Astrocytes 15) in the SCN. As the name denotes, PEA-15 was originally shown to be highly enriched in astrocytes (Araujo et al., 1993) ; however, more recent work found that PEA-15 is also expressed in neurons (Sharif et al., 2004) . Much of the interest in PEA-15 has been centered on its functional role as a scaffolding protein for ERK and Fas-associated death domain protein (FADD) (Renganathan et al., 2005; Fiory et al., 2009; Valmiki & Ramos, 2009) . With respect to MAPK signaling, PEA-15 has been shown to sequester ERK in the cytoplasm and thus suppress its ability to translocate to the nucleus and stimulate inducible gene expression (Formstecher et al., 2001; Renganathan et al., 2005) . Interestingly, the ability of PEA-15 to function as a scaffold is regulated by the activation state of the cell. Along these lines, the phosphorylation of PEA-15 at Serine-104 and Serine-116 (via protein kinase C and CaM kinase II, respectively) leads to the dissociation of the ERK-PEA15 complex, and in turn, ERK nuclear translocation and the induction of MAPK-mediated gene expression (Kubes et al., 1998; von Kriegsheim et al., 2009; Sulzmaier et al., 2012) . Here, we report on the expression and regulation of PEA-15 in the SCN and provide mechanistic insights into its potential roles in circadian clock timing and entrainment.
Materials and methods

Animals
In total, 166 C57Bl/6 mice (females and males, which were equally distributed across all experimental groups; aged 6 to 14 weeks) were used. Mice were generated from an in-house breeding colony, which was established from founders acquired from Jackson Laboratory (Bar Harbor, ME, USA). Animals were maintained on a standard 12:12 light/dark cycle and were provided ad libitum access to water and food. All studies were approved by the Ohio State University Institutional Animal Care and Use Committee.
Circadian and light pulse experiments
Initially, animals were entrained to a 12:12 light/dark cycle for a minimum of 4 weeks. For the circadian analysis of PEA-15 and phospho-PEA-15, mice were dark-adapted for 2 days and then killed at 4-h intervals over a 24-h period. For light pulse experiments, animals were dark-adapted for 2 days and then exposed to white light (100 lux) for 30 s and then euthanized. Control animals not exposed to white light were handled in a parallel manner with the light-treated animals. For both the circadian and light pulse experiments, mice were killed under dim red light (~5 lux) via rapid cervical dislocation. Brains were quickly removed, immersed in ice-cold physiological saline, cut into 500-lm coronal sections using a vibratome, and sections were fixed in paraformaldehyde (4%) for six hours at 4°C. Sections were then cryoprotected in 30% sucrose overnight and then cut into thin sections (40 lm) with a freezing microtome. Data were collected from six animals per time point (or experimental condition).
Immunohistochemical labeling and analysis
Free-floating thin sections containing the SCN were immunolabeled using the following antibodies (all raised in rabbit): PEA-15 (1:9000 dilution, catalog code: 2780; Cell Signaling Technology, Danvers, MA, USA), phospho-Serine-104 PEA-15 (pSer-104 PEA-15; 1:250, catalog code: 2776; Cell Signaling Technology), phospho-Serine-116 PEA-15 (pSer-116 PEA-15; 1:100 dilution, catalog code: 59216, Abcam, Cambridge, MA, USA) and phospho-threonine-202/tyrosine-204 ERK (pERK; 1:3000 dilution, catalog code: 9101; Cell Signaling Technology). Briefly, sections were treated with 0.3% hydrogen peroxide, blocked for 1 h in 10% normal goat serum (NGS) and then incubated overnight at 4°C with the primary antibody diluted in 5% NGS/PBS containing 0.02% Triton X-100. Sections were then incubated with a biotinylated anti-rabbit secondary (1:1000 dilution, catalog code: BA-1000; Vector Laboratories, San Carlos, CA, USA) at room temperature for 2 h, followed by 45-min incubation with horseradish peroxidase (HRP)/ Avidin/Biotin complex (catalog code: PK-4000, Vectastain; Vector Laboratories). Exposure to a nickel-intensified DAB substrate (catalog code: SK-4100; Vector Laboratories) was used to visualize the immunolabeling/HRP complex. Of note, for the PEA-15 labeling, DAB development times were longer for the ZT condition ( Fig. 1A and B ) than for CT data sets presented throughout the rest of the manuscript. Sections were mounted on gelatin-coated slides and coverslipped using Permount (Fisher Scientific). Sections were washed three times between each labeling step. Wholebrain coronal sections were acquired with Nikon SMZ800N microscope (Nikon USA, Melville, NY, USA); SCN images were acquired using a Leica DM IRB microscope (Leica Biosystems, Nussloch, Germany). Immunohistochemical labeling was quantitated using densitometry (0-255 scale) and cell counting; both methods used the ImageJ software program (National Institutes of Health, Bethesda, MD, USA). Densitometric analysis was used to examine (Fig. 5E) , tissue was sequentially labeled with the rabbit pSer-104 PEA-15 primary antibody (1:200 dilution, catalog code: 2776, Cell Signaling Technologies) and then labeled with Alexa Fluor 594-conjugated anti-rabbit, followed by labeling with the Alexa Fluor 488-conjugated pERK (1:100, catalog code: 4344, Cell Signaling Technologies). Sequential labeling was required to ensure that cross-labeling of the Alexa Fluor secondary used to detect pSer-104-PEA-15 did not occur because both primary antibodies were generated in rabbits. Next, tissue was labeled with the nucleic acid stain DRAQ5 (1:5,000 dilution, catalog code: 4084, Cell Signaling Technologies) and then mounted on glass slides and coverslipped with Fluoromount-G (catalog code: 0100-01, SouthernBiotech, Birmingham, AL). Sections were washed three times between each labeling step. Fluorescence images were acquired using a Leica SP8 confocal microscope; acquisition parameters (e.g., contrast settings, pinhole) for each fluorescent channel were held constant for each experimental group.
For the assessment of PEA-15 expression in AVP and VIP cells, confocal micrographs from double-labeled SCN tissue (PEA-15/ AVP and PEA-15/VIP) were initially thresholded to remove background/non-specific labeling. Next, immunopositive cells within the AVP (dorsal SCN) and VIP (central SCN) channels were digitally marked, and then, the immunopositive cells within the PEA-15 channel were marked. The channels were then merged, and the percentages of AVPergic and VIPergic cells that were positive for PEA-15 were determined.
Circadian expression analysis
Circadian expression analysis of PEA-15, was performed on the whole SCN, as well as the SCN core and shell regions (Fig. 3B) ; pSer-104 PEA-15 analysis and pSer-116 PEA-15 analysis were performed on the whole SCN (Fig. 4) . Regions were manually defined based on anatomical landmarks and our experience with the functional subdivisions of the SCN using ImageJ software. An example of our manual outline method is shown in Fig. 2A . Profiling was also performed on the hypothalamus; for this, measurements were made within a defined digital circle (400 microns in diameter) which was placed within the hypothalamus, just lateral to the SCN. The densitometry value from the SCN (and the noted subregions) was divided by the adjacent hypothalamic region to generate a normalized expression ratio. MATLAB R2015b (The MathWorks, Inc., Natick, MA, USA) was used to generate best-fit cosine curves for the data represented in Figs 3B and 4D.
Western blots
Samples containing the SCN (and a minimal amount of surrounding hypothalamic tissue) and piriform cortex were isolated from 500-lm coronal sections. Samples were sonicated in 50 ll of RIPA buffer, supplemented with a cocktail of protease inhibitors (Complete Mini Tablet, Roche Diagnostics). Total protein was quantified using a BCA assay (Pierce BCA Assay Kit, catalog code: 23225; Thermo Scientific), and 10 lg of protein was mixed with an equivalent volume of 4X sample buffer, heated to 90°C for 10 min and electrophoresed through a 10% SDS-PAGE gel using standard procedures. Protein samples were then transblotted onto PVDF membranes (Immobilon P: Millipore) and then blocked with 10% (wt/vol) powdered milk diluted in TBST (20 mM Tris base, 150 mM NaCl, 0.1% Tween-20, pH7.6) for 1 h. Next, membranes were probed with antibodies against PEA-15 (1:1000 dilution, catalog code: 166678; Santa Cruz Biotechnologies), pSer-104 PEA-15 (1:1000 dilution, catalog code: 2776; Cell Signaling Technologies) or pSer-116 PEA15 (1:1000 dilution, catalog code: 59216, Abcam). Membranes were then labeled with a goat anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (HRP, 1:2,000 dilution PerkinElmer, Boston, MA, USA). HRP was detected using the Western-Lightning Plus-ECL Kit (PerkinElmer). Membranes were then probed for b-actin (1:100 000 dilution, catalog code: 125-ACT, Phosphosolutions), and antigenicity was detected using the noted HRP labeling method. Membranes were washed three times (5 min/ wash) in TBST between each antibody treatment.
Co-immunoprecipitation
Initially, mice were dark-adapted as described above and then pulsed with light (100 lux, 30 s) at CT15. Animals were immediately killed, and 500-lm sections through the SCN were prepared as described above. Microdissected SCN was immediately frozen until further processing. Control animals were treated in the same manner, but were not pulsed with light. SCN tissue was pooled from eight animals per condition in order to have sufficient protein to run a co-IP. Protein was lysed in a non-denaturing buffer (20 mM Tris-HCL, 137 mM NaCl, 2 mM EDTA and 1% NP-40) and quantified as described for Western blotting. 300 lg of protein was then precleared by the addition of 0.5 lg IgG antibody for 30 min, followed by 100 lL sepharose bead incubation for 1 hr at 4°C. Next, ERK antibody-bound beads (10 lL/sample; 1:200 dilution, catalog code: #5736, Cell Signaling Technologies) were added to the cleared lysates and incubated overnight at 4°C. Beads were pelleted by centrifugation, and the supernatant was removed and incubated (4°C for 3-h) a second time with 10 lL of ERK-bound beads. Beads were washed (three times) after each incubation and then boiled in 4x sample buffer for 5 min at 95°C to both elute and denature proteins from the antibody complex. Samples were then loaded onto 15% acrylamide gels and processed as described above for Western analysis. PVDF membranes were probed with PEA-15 (1:1000 dilution, catalog code: 166678; Santa Cruz Biotechnologies) and ERK (1:4000, catalog code: 4696; Cell Signaling Technology) antibodies. Experiments were repeated four times, and densitometric analysis of band intensities was performed with ImageJ (https://imagej.nih.gov/ij/). Immunoprecipitated ERK band intensities were normalized to 1% input ERK bands, and co-immunoprecipitated PEA-15 band intensities were normalized to 1% PEA-15 bands. The normalized values obtained were then presented as a ratio of PEA-15 to ERK. Ratiometric values from light pulse and control conditions were compared with a two-tailed Student's t-test.
Reporter gene assay COS-7 cells were seeded into 24-well plates and maintained in 10% FBS DMEM with 1% penicillin/streptomycin. At 75% confluency, cells were transfected using lipofectamine-2000 (Invitrogen; per the manufacturer's instructions) with a mouse period1-luciferase reporter construct (Butcher et al., 2005) and with either a PEA-15 expression vector or an empty expression vector control. The PEA-15 expression vector (VectorBuilder, Cyagen Biosciences, Santa Clara, CA, USA) was engineered to express PEA-15 and GFP from separate minimal CMV promoters. To assess the concentration-dependent effects of transgenic PEA-15 on period1-luciferase expression, cells were lysed 48 h after transfection, and total luminescence was measured in a plate reader using luciferin as a substrate as per the manufacturer's instructions (Luciferase Assay System, catalog code: E1500, Promega, Madison, WI, USA). To examine the effects of PEA-15 and the MAPK pathway on stimulus-evoked period1-luciferase expression, 24 h after transfection, cells were serum starved for 16 h and then pretreated for 30 min with U0126 (10 lM, catalog code: 9903S; Cell Signaling Technology) or DMSO (control). Cells were then stimulated with 20% serum for 8 h, followed by lysis and luminescence analysis, as described above. Luminescence values were determined by subtracting background counts from non-transfected control lysates and then normalizing the counts to total protein levels. One-way ANOVA, followed by Bonferroni multiple comparison post hoc test, was used to analyze for statistical differences between conditions, and P < 0.05 was used to ascribe significance.
Statistical analyses
For the quantitative analysis of ERK activation in relation to PEA-15 expression in the shell and core (Fig. 6A) , 20X confocal images of the SCN were analyzed using ImageJ software. To this end, the SCN was digitally demarcated into core and shell regions. Next, mean PEA-15 and pERK expression levels (0-255 scale) were calculated for each region. Values for pERK and PEA-15 were divided by expression levels from an adjacent lateral hypothalamic region (as described above), to generate normalized fluorescence intensity. For the light pulse assays, mean values were generated by averaging values from three central SCN sections per animal. These values were used to generate a mean AE the standard error of the mean for treatment groups. Regional quantification was performed by an individual that was blinded to the experimental conditions.
Statistical analysis was performed with GraphPad Prism 3.0 software, and all data are represented as the mean AE the standard error of the mean (SEM). For all experiments, statistical significance was set at P < 0.05, as denoted in the text/figures. Statistical comparisons between two groups were conducted using Student's t-tests (two-tailed). Comparisons of more than two groups were made using a one-way ANOVA. When significance was obtained from ANOVA tests, multiple comparison Bonferroni post hoc tests were conducted in PRISM 3.0 to determine significant differences between any two groups.
Results
As a starting point, C57Bl/6 mice were killed during the middle of the day, zeitgeber time 6 (ZT 6), and coronal sections through the SCN were processed via immunohistochemistry (IHC) for the expression of PEA-15. Representative data in Fig. 1A revealed that PEA-15 was enriched throughout the rostro-caudal axis of the SCN. Further, low magnification whole-brain coronal imaging (Fig. 1B) showed elevated PEA-15 expression in the SCN relative to forebrain regions, including the hippocampus and cortex. Likewise, the high level of PEA-15 expression in the SCN contrasts with the modest expression levels within surrounding dorsal and lateral regions of the hypothalamus, as well as within well-demarcated hypothalamic nuclei, including the paraventricular nucleus and supraoptic nucleus (Fig. 1B) . The specificity of the PEA-15 antibody used for IHC was tested via Western blotting; tissue lysates from both the SCN and the cortex identified a single 15 KDa band (Fig. 1C) , which is consistent with the molecular weight of PEA-15, thus supporting the specificity of the IHC expression pattern.
As the name denotes, PEA-15 has been reported to be enriched in astrocytic cell populations (Araujo et al., 1993) . However, the expression pattern that we described here suggests that PEA-15 is also expressed in neuronal cells within the SCN. To test this idea, SCN tissue was colabeled for PEA-15 and for the neuronal nuclearspecific marker, NeuN. Confocal analysis revealed a cellular-level colocalization between PEA-15 (within the cytoplasm) and NeuN (within the nucleus) (Fig. 1D) . Further, colabeling for PEA-15 and the glial marker GFAP detected modest levels of colocalized expression (Fig. 1E) . Together, these data indicated that PEA-15 is enriched in neuronal cell populations of the SCN.
Although PEA-15 is expressed broadly within the SCN, high magnification images detected enriched expression within welldescribed SCN subregions. Notably, compared to ventromedial SCN (also referred to as the SCN 'core'), relatively high levels of PEA-15 were detected in the dorsomedial and lateral regions (also referred to as the SCN 'shell'), (Fig. 2A) . These high-expressing regions roughly correspond with the subpopulation of arginine vasopressin (AVP)-positive SCN shell neurons, and indeed, co-immunolabeling detected marked PEA-15 expression in AVPergic neurons (Fig. 2B) . PEA-15 expression was detected in~93% of AVP-positive neurons (350 neurons analyzed: 50/per mouse; n = 7 mice). PEA-15 was also detected in a subset of SCN core neurons, as assessed by double immunolabeling for PEA-15 and vasoactive intestinal peptide (VIP; a marker of SCN core neurons: Fig. 2C ). PEA-15 expression was detected in~73% of VIP-positive neurons (490 neurons analyzed: 70/per mouse; n = 7 mice).
Next, we examined whether the expression of PEA-15 is modulated over the circadian cycle in the SCN. To this end, mice were dark-adapted for 2 days, and tissue was profiled via IHC for PEA-15 at 4-h intervals (Fig. 3A) . Quantitative analysis of the SCN detected a significant time-of-day difference in PEA-15 expression, with a peak occurring during the early subjective night, and nadir occurring during the middle of the subjective day, as assessed by a one-way ANOVA for the total SCN ( Fig. 3B ; F 5,30 = 6.475, P = 0.0003). Of note, significant time-of-day changes in PEA-15 expression were also observed in both the core and the shell subregions of the SCN ( Fig. 3B ; Core; F 5, 30 = 7.580, P = 0.0001 and shell; F 5,30 = 6.688; P = 0.0003; one-way ANOVA), while circadian changes in PEA-15 expression were not detected in lateral hypothalamic regions surrounding the SCN (F 5,28 = 0.6916, P = 0.6340; one-way ANOVA). To test whether the SCN rhythm in PEA-15 expression is gated by the circadian clock, PEA-15 expression was profiled in tissue from BMAL1 null mice. BMAL1 is a key component of the molecular circadian clock timing system, and its deletion results in a loss of circadian timekeeping capacity (Bunger et al., 2000) . Interestingly, the significant time-of-day difference in the peak and trough levels of PEA-15 expression were not detected in BMAL1 null mice ( Fig. 3C ; t 6 = 0.5798, P = 0.5832; Student's t-test). Together, these data indicate that PEA-15 is a clock-controlled gene in the SCN.
Much of the functionality of Pea-15 is regulated by changes in its phosphorylation state. In particular, the phosphorylation of Ser-104 and Ser-116 (via PKC and CaMKII, respectively) has been shown to affect its interactions with a number of proteins, including ERK and Fas-associated death domain protein (reviewed in Fiory et al., 2009). Given the key role that phosphorylation plays in the function of PEA-15, we examined its phosphorylation state over the circadian cycle and in response to photic input.
Initially, we analyzed the expression of the Ser-104 phosphorylated form of PEA-15 (pSer-104 PEA-15). At ZT 6, the IHC expression pattern of pSer-104 PEA-15 within the SCN largely paralleled the expression pattern of the total protein; thus, high levels of pSer-104 PEA-15 were detected within the shell regions of the SCN, with more modest expression within the core (Fig. 4A) . Western analysis using the same pSer-104 PEA-15-specific antibody used for IHC detected a single band at~15 kDa, which is consistent with the molecular weight of PEA-15 (Fig. 4B) . Next, circadian profiling (Fig. 4C) , using the dark adaptation and temporal profiling approaches described above for PEA-15, revealed a significant oscillation in pSer-104 PEA-15, (Fig. 4D ; F 5,39 = 11.26, P < 0.0001, one-way ANOVA); the total SCN data were also presented in a scatter-plot format and fitted to a cosine curve. As with the total protein profile, pSer104 PEA-15 expression levels did not change over the circadian cycle in lateral hypothalamic regions (F 5,39 = 1.348, P = 0.2528, one-way ANOVA).
Next, we examined PEA-15 phosphorylation at Ser-116 (pSer-116 PEA-15) using a Ser-116 phosphorylation-specific PEA-15 antibody. IHC labeling detected an expression pattern that paralleled the pattern of total PEA-15; hence, marked labeling was found throughout the SCN, with the highest levels observed in the shell regions (Fig. 4E) . IHC analysis was complemented with Western blotting (using the same antibody), which confirmed the selectively of the antibody and confirmed the relatively high level of pSer-116 PEA-15 expression in the SCN (Fig. 4F) . Interestingly, circadian profiling of pSer-116 PEA-15 in the SCN did not indicate an oscillation ( Fig. 4G ; F 5,24 = 0.4958, P = 0.7762, one-way ANOVA). Together these data reveal complex, clock-gated, regulation of PEA-15 phosphorylation in the SCN.
Several reports have shown that PKC and CaMKII (again, two kinases that target PEA-15) are activated following photic stimulation in the SCN (Yokota et al., 2001; Agostino et al., 2004; Lee et al., 2007; Bonsall & Lall, 2013) . This, coupled with the noted functional relevance of PEA-15 phosphorylation, led us to examine photic regulation of PEA-15 phosphorylation. As a starting point, mice were dark-adapted for 2 days and then exposed to a 30-s light (100 lux) pulse at CT15 and then immediately killed. Analysis was focused on rapid changes in the phosphorylation state of PEA-15, given that at the 30-s photic stimulation time point, strong ERK activation was observed, as assessed via the IHC labeling for the threonine and tyrosine phosphorylated forms of ERK1 and ERK2 (a marker of MAPK pathway activation) (Fig. 5A and D left panel; t 9 = 12.27, P < 0.0001, Student's ttest). IHC profiling revealed that 30 s of photic stimulation led to a significant increase in the Ser-104 phosphorylated form of PEA-15 ( Fig. 5B and D middle panel; t 10 = 6.766, P < 0.0001, Student's t-test). The representative image shows that this lightevoked increase in phosphorylation was detected specifically within the core region of the SCN. However, using the 30-s light pulse paradigm, an increase in Ser-116 phosphorylation was not detected (Fig. 5C and D right panel; t 15 = 1.391, P = 0.1845, Student's ttest). Further, a longer, 15 min, light stimulus did not lead to an increase in the phosphorylation state of Ser-116 (or Ser-104), relative to the control condition (data not shown), suggesting that the functional effects of light on PEA-15 phosphorylation are rapid and transient.
We then turned our attention to an analysis of the spatial and temporal relationships between ERK activation and PEA-15 in the SCN. To this end, SCN tissue from light-treated (30 s, 100 lux) mice was double immunolabeled for PEA-15 and activated ERK (Fig. 6A) . Interestingly, light-evoked ERK activation was largely limited to SCN core neurons that express relatively low levels of PEA-15; thus, shell neurons that express relatively high PEA-15 formed a well-demarcated boundary between ERK responsive and non-responsive cells in the SCN (Fig. 6A, lower left panel) . Quantitative analysis of the noted SCN subregional expression pattern of PEA-15 and pERK is provided in Fig. 6A (lower right panel; PEA-15 core vs. shell; t 10 = 2.646, P = 0.0245 and pERK core vs. shell; t 10 = 7.059, P < 0.0001, Student's t-test).
As noted, the functional interaction between PEA-15 and ERK is dynamically regulated by PEA-15 phosphorylation. Given that photic stimulation triggers both ERK activation and PEA-15 phosphorylation (Fig. 5) , we analyzed the cellular-level colocalization of these two events, and whether light triggers the dissociation of the PEA-15/ERK complex. Initially, double immunofluorescent labeling was used to detect a colocalized, cellular-level, increase in ERK phosphorylation and PEA-15 phosphorylation at Ser-104 following light treatment (Fig. 6B) , thus indicating that photic stimulation triggers a rapid and coordinated cellular-level regulation of the MAPK pathway and PEA-15. Next, to test for an interaction between PEA-15 and ERK, we performed co-immunoprecipitation assays on SCN lysates from control and light-treated animals at CT15. To this end, an antibody bead conjugate was used to pull down total ERK, and the immunoprecipitate was profiled via Western blotting for ERK and PEA-15. Under the control, no light condition, PEA-15 co-immunoprecipitated with ERK, thus indicating that ERK and PEA-15 are complexed within the SCN (Fig. 6C) . Interestingly, this interaction was affected by light exposure; light treatment led to a significant reduction in PEA-15 bound to ERK ( Fig. 6C ; t 6 = 3.163, P = 0.0195, Student's t-test), thus supporting the idea that photic stimulation triggers the rapid dissociation of ERK from cytoplasmic PEA-15.
Finally, several studies have shown that MAPK signaling can alter both the amplitude and the phasing of the oscillator cells (Butcher et al., 2005; Nomura et al., 2006) . Key to this effect would appear to be the ability of the MAPK cascade to drive the expression of the core clock gene period1. Given that PEA-15 scaffolds ERK in the cytoplasm, which could affect the capacity of MAPK signaling to regulate gene transactivation, we examined the effects of PEA-15 on period1 transcription. For these studies, Cos7 cells were cotransfected with a period1-luciferase reporter construct and a PEA-15 construct that also expresses GFP (Fig. 7A) . Interestingly, transgenic expression of PEA-15 led to a concentrationdependent decrease in period1 transcription ( Fig. 7B; F 9 ,29 = 42.67, P < 0.0001, one-way ANOVA). Post hoc analysis revealed that a striking reduction in period1 transcription occurred with the transfection of just 0.1 lg of PEA-15 (t 7 = 7.566, P < 0.001, Bonferroni multiple comparison). Further, pretreatment with U0126 (10 lM), an inhibitor of the MAPK pathway, also reduced period1 transcription (t 7 = 7.886, P < 0.001, Bonferroni multiple comparison); however, there was no additive suppressive effect on period1 transcription when U0126 was administered in combination with transgenic PEA-15 (t 7 = 1.283, P > 0.05, Bonferroni multiple comparison), thus indicating that the effects of PEA-15 on period1 transcription are mediated by the suppression of MAPK signaling. Further, serum (a potent MAPK pathway activator) substantially evoked period1 transcription, ( Fig. 7C ; F 7,23 = 63.72, P < 0.0001, one-way ANOVA) and this induction was blocked by overexpression of PEA-15 ( Fig. 7C ; t 7 = 2.26, P > 0.05, Bonferroni multiple comparison). Importantly, the addition of U0126 did not augment the inhibitory effects of transgenic PEA-15 on period1 transcription ( Fig. 7C ; t 7 = 2.671, P > 0.05, Bonferroni multiple comparison). Thus, via its role as a regulator of MAPK signaling, these data raise the prospect that PEA-15 may influence both the timing and entrainment of the SCN circadian clock.
Discussion
Here, we report on PEA-15 expression and function in the SCN. The central findings of this study reveal that 1) PEA-15 is enriched in SCN neurons, 2) PEA-15 expression follows the circadian cycle, 3) PEA-15 phosphorylation is modulated as a function of clock phase and photic input, 4) PEA-15 functions as a light-sensitive ERK scaffold, and 5) PEA-15 regulates MAPK-dependent activation of the core clock gene period1. Together, these findings reveal a hitherto uncharacterized level of intracellular signaling that could contribute to key aspects of SCN clock physiology.
The high level of PEA-15 expression that we detected in the SCN was a striking initial finding. Interestingly, PEA-15 exhibited enriched expression within the AVP-positive shell neurons of the SCN. The AVPergic cell population functions as the main circadian pacemaker cells of the SCN and works in coordination with the VIPergic cells of the SCN core to generate a precisely phased and robust intra-SCN pacemaker network (Vosko et al., 2007; Li et al., 2009; Mieda et al., 2015; Ono et al., 2016) . Further, AVPergic neurons have also been shown to function as an output from the SCN, conferring clock timing cues to a number of brain regions (Li et al., 2009; Kalsbeek et al., 2010) . The reasons for elevated PEA-15 expression in AVPergic shell neurons are not known. However, it is notable that high levels of clock-gated ERK activity have been reported within the AVP cell population during the transition period between the subjective day and subjective night (Obrietan et al., 1998) ; given this, it is reasonable to speculate that the high levels of PEA-15 within the shell may be required to ensure the functional fidelity of ERK/MAPK signaling within AVPergic neurons. PEA-15 levels followed a circadian expression pattern within the SCN, with a single peak detected during the subjective night and a trough during the midsubjective day. Expression with a 24-h period is a strong indicator that a gene is under control (either directly or indirectly) of the core clock molecular oscillator; this interpretation is supported by the observation that the peak in the PEA-15 rhythm was abrogated in BMAL1 null mice. However, it should be noted that the analysis of PEA-15 in BMAL1 null mice was limited to two time points, CT6 and CT15, and thus, a shift in the phasing of a PEA-15 rhythm could have evaded detection. With respect to the underlying transcriptional pathways that drive rhythmic PEA-15 expression, enhancer analysis did not identify an E-box motif within the 5 0 regulatory region of PEA-15. Hence, rhythms in PEA-15 are likely not mediated by a direct CLOCK/BMAL1-driven transcriptional mechanism. However, a CRE/AP-1-like motif has been reported approximately 100 bases upstream of the PEA-15 transcription start site (Ungaro et al., 2012) . This is notable, given that the CREB/CRE pathway serves as an ancillary, circadian-gated, transcriptional pathway within the SCN (Obrietan et al., 1999; O'Neill et al., 2008) . Hence, CREB/CRE-mediated transcription may drive rhythmic PEA-15 expression in the SCN.
With respect to the regulation of MAPK signaling, much of the functionality of PEA-15 is regulated by phosphorylation states of Ser-104 and Ser-116 (reviewed by Fiory et al., 2009) . Although the details of the functional interactions between ERK and PEA-15 are not well understood, and may be subject to cell-type, or context-specific secondary events, work to date indicates that these two phosphorylation events allow for ERK dissociation, which in turn would allow for the activated form of ERK to translocate to the nucleus. Consistent with this, phospho-mimetic mutagenesis of Ser-104 and Ser-116 results in a robust and lasting accumulation of ERK in the nucleus; in turn, nuclear ERK accumulation is a key event in the induction of MAPK-dependent gene expression (Formstecher et al., 2001; Krueger et al., 2005; Hunter et al., 2011) .
The phosphorylation of PEA-15 at Ser-104 and Ser-116 is mediated by PKC and CaMKII, respectively (Araujo et al., 1993; Estell es et al., 1996; Kubes et al., 1998) . As noted, both PKC and CaMKII are expressed in the SCN and have been reported to contribute to clock timing and to clock entrainment. Along these lines, the disruption of PKC (via PKC isoform-specific gene deletion and pharmacological approaches) has been shown to suppress lightinduced clock entrainment (Jakubcakova et al., 2007; Lee et al., 2007) . Further, CaMKII signaling has been reported to couple glutamatergic signaling to entrainment of the circadian clock (Fukushima et al., 1997) . In addition, CaMKII was shown to play a role in SCN neuronal synchronization (Kon et al., 2014) .
Given the role of PEA-15 as a regulator of ERK localization, coupled with work showing MAPK signaling plays a key role in clock entrainment, we examined whether photic stimulation alters the phosphorylation state of PEA-15. We found that brief light exposure during the night time domain triggered an increase in PEA-15 phosphorylation at Ser-104. Interestingly, the phosphorylation of The period1-luciferase reporter was cotransfected with increasing concentrations of the PEA-15 expression vector, or an empty expression vector. Note the concentration-dependent reduction in period1-dependent transcription. Further, pretreatment with U0126 (10 lM) reduced period1-dependent transcription, but it did not markedly affect the suppressive effects of transgenic PEA-15. (C) Serum-evoked period1 transcription was suppressed by transfection with PEA-15 (1.0 lg). Pretreatment with U0126 (10 lM) reduced serum-induced period1-dependent transcription, but it did not have additive suppressive effects with transgenic PEA-15. For all experiments, data were averaged from triplicate determinations and are representative of four independent trials analyzed by a one-way ANOVA followed by Bonferroni multiple comparison tests *: P < 0.001; n.s: not significant (P > 0.05). [Colour figure can be viewed at wileyonlinelibrary.com].
PEA-15 was quite rapid, with a significant increase detected following 30 s of light treatment. This rapid activation is noteworthy, given that activation of the MAPK pathway, as assessed by ERK phosphorylation, was also detected at the 30 s post-stimulus time point. Hence, if a principal function of PEA-15 in the SCN is to regulate ERK subcellular localization, then a rapid light-evoked increase in PEA-15 phosphorylation would be expected to occur. Further, at a mechanistic level, a light-evoked increase in PEA-15 phosphorylation would be expected to trigger the dissociation of ERK, and indeed, co-IP analysis revealed that photic stimulation led to the release of ERK from PEA-15. This rapid dissociation of ERK from PEA-15 is supported by structure/function X-ray crystallography studies (Mace et al., 2013) . Interestingly, these studies also showed that PEA-15 not only functions as an ERK scaffold, but that it also regulates the functional capacity of complexed ERK, and further, PEA-15 protects activated ERK from dephosphorylation. Thus, one could envision PEA-15 serving as an intracellular gate on MAPK signaling in the SCN, limiting the full functional capacity of activated ERK, until a coordinated set of parallel signaling events triggers the phosphorylation of PEA-15 at Ser-104. Here, it is worth noting that photic stimulation was not found to increase the Ser-116 phosphorylated form of PEA-15. Given the noted functional roles for CaMKII in the SCN, the reason for the lack of an effect is not clear. However, the high basal level of Ser-116 phosphorylation may be suggestive of constitutive phosphorylation, which would preclude further phosphorylation by light.
As a state variable of the clock, the rapid light-evoked expression of period genes has been implicated in clock resetting (Albrecht et al., 1997; Shearman et al., 1997; Shigeyoshi et al., 1997) , and given that MAPK signaling is a potent regulator of period1 expression (Akiyama et al., 1999; Travnickova-Bendova et al., 2002; Tischkau et al., 2003; Cao et al., 2013) , we examined the potential effects that PEA-15 has on period1 gene expression. Here, we show that both the basal and inducible expression of a period1-luciferase reporter construct were suppressed by PEA-15 overexpression. Importantly, the effects of PEA-15 were not additive with the effects of the MAPK pathway inhibitor U0126, thus indicating that PEA15 reduces period1 transcription by suppressing ERK signaling. In many respects, these findings are consistent with studies showing that PEA-15 exerts very potent effects on MAPK-dependent transcription. Along these lines, overexpression of PEA-15 in culture has been shown to dramatically reduce ERK-dependent gene transcription, which can be rescued when PEA-15 is constitutively phosphorylated at Ser-104 (Krueger et al., 2005; Vaidyanathan et al., 2007) . Further, stimulus-evoked ERK-mediated transcription is enhanced in thymocytes isolated from PEA-15 null mice (Pastorino et al., 2010) . These studies, combined with the work reported here, provide putative mechanisms by which PEA-15 modulates light-evoked MAPK signaling and in turn the clock resetting mechanism.
In total, these studies reveal PEA-15 to be neuronally enriched, clock-gated and light responsive in the SCN. Given its high expression in the SCN, coupled with its role as a critical regulator of MAPK signaling, PEA-15 may be well positioned to contribute to the functional fidelity of signaling networks that regulate SCN clock timing and entrainment. Current work is focused on the examination of clock timing in PEA-15 null mice.
